The management of water excesses and deficits is a major task in semiarid Mediterranean regions, where the variability of rainfall inputs is high at different time and space scales. Thus intense hydrometeorological events, which generate both potential resource and hazards, are of major interest. A simple method is proposed, with the example of the Skhira basin (192 km 2 ) in central Tunisia, to account for the event space-time variability of rainfall in a rainfall-runoff model, in order to check its influence on the shape, magnitude and timing of resulting hydrographs. The transfer function used is a geomorphology-based unit hydrograph with an explicit territorial significance. Simulations made for highly variable events show the relevance of this method, seen as the first step of a downward approach, and its robustness with respect to the quality and the density of rainfall data.
INTRODUCTION
The management of water excesses and deficits is a major task in semiarid Mediterranean areas, where the variability of rainfall and consequent runoff processes is very high in space, time, frequency and magnitude. Hydrometeorological events are generally limited in space and time, as well as being ephemeral. Thus, resources are mostly constituted as a cumulative storage of event flows in ground and surface reservoirs, whereas water-related hazards are linked to individual events. Focusing on hydrometeorological events can thus be seen as the first step in any study dealing with water resources and/or hydrological hazards, provided that characteristic data can then be aggregated, or analysed through frequency analysis, to be applied at management and planning time scales; and provided that data are available at various locations (Benkaci Ali & Dechemi, 2004) . But focusing on ephemeral hydrometeorological events implies facing the high space-time variability of processes, and dealing with the frequent gaps between the respective characteristic scales of processes and observations.
The study basin is located in semiarid Tunisia, having runoff measurements at the outlet of high quality (among the best in the country). However, as is often the case in such a hydroclimatic context, and all the more in a developing country, it is not instrumented in such a manner that rainfall is observed at relevant spatial and temporal scales, and locations. In these conditions, it is a poorly gauged basin with respect to the precipitation, as defined by Kundzewicz (2002) and Sivapalan et al. (2003) .
The model will be robust in that it is adaptable to diverse gauging densities, either from site to site, or for evolving configurations of observations at a given site. Further, in accordance with the downward approach, the model should be explicit, parsimonious and with no heavy calibrations, so that it simulates the influence of hierarchical dominant effects at the event scale. The aim is to integrate available data, which often remain unused when they are considered too sparse and/or of too low a quality, and thus to maximize their value in generating improved predictions (see Sivapalan et al., 2003) . Moreover, robustness should help in transferring knowledge and assessment to locations where river flow is not gauged, and where simulations are needed to provide a minimum of information for management.
DOMINANT EFFECTS: RAINFALL SPACE-TIME VARIABILITY AND GEOMORPHOLOGICAL STRUCTURE
The downward (or "top-down") approach, was described as follows by Klemeš (1983) : "starting with a simple model design and systematically introducing additional complexity where required". This approach has recently been put forward in the IAHS prediction in ungauged basins (PUB) initiative and exemplified with the application of "parametrically parsimonious conceptual models" to continuous streamflow modelling. The point here is to begin a proper downward approach (a) which is justified by the particular dominant effects of the studied semiarid region and ephemeral events; and (b) whose structural basis is as explicit and observable as possible. This second point is an alternative conceptual option for parsimony, besides parameterization, even when calibration is related to physical basin characteristics (see Littlewood, 2003; Mazvimavi et al., 2004) .
The space-time variability of rainfall-runoff events in semiarid Mediterranean regions
The high rainfall space-time variability in Mediterranean-particularly semiaridregions, is due to a combination of local and mesoscale phenomena, which generates processes of diverse characteristic space, time and magnitude scales (Berndtsson & Niemczynowicz, 1986; Zahar, 1997; Bechtold & Bazile, 2001; Kingumbi et al., 2005) . Moreover, when the area is close to the sea, convective instability and humid advection can have a strong influence on these dimensions, and feed a significant mobility of rainfall fields, which is a supplementary element of variability. Finally, topographic relief may enhance this variability by adding an orographic influence to moving rainfall fields and/or by facilitating convection.
Such a variability of rainfall, combined with high intensities, implies a high spatial and temporal variability of hydrological processes, particularly since landscapes and ephemeral river networks react rapidly and intensely to rainfall inputs. Thus the rainfall space-time variability has a large impact on the shape, magnitude and timing of the hydrograph at a given outlet, and on its composition within the corresponding drainage basin, through the river network (Singh, 1997; Woods & Sivapalan, 1999; Bull et al., 2000; Camarasa & Tilford, 2002; Gaume et al., 2003 Gaume et al., , 2004 ). It appears to constitute a dominant hydrological effect in semiarid regions, whereas in other Mediterranean regions the effect may be dependent on the basin size (e.g. Obled et al., 1994) . However, rainfall measurement networks are rarely dense enough to observe fields at characteristic scales, and thus, often, no sophisticated relevant mathematical characterization of rainfall space-time variability (e.g. via geostatistics) can really be made. Consequently, average estimations of rainfall are often considered, sometimes together with areal reduction factors, which do not allow spatially explicit accounting of this major effect in the modelling (Lebel et al., 1987; Andréassian et al., 2001; Arnaud et al., 2002; Wilk & Hughes, 2002; Neppel et al., 2003) .
The formulation of a transfer function from geomorphometry
The river network is both a particular topological network and a functional drainage and transfer network. Thus, one way of beginning the downward approach with an explicit and structuring first step is to identify a relevant function describing the basin organization in terms of flow path through the network to the outlet. In this context, the area function is the probability density function of the surface according to the flow distance to the outlet (Foroud & Broughton, 1981) . The width function (Kirkby, 1976) , which gives the number of links in the network according to the flow distance to the outlet, is often used as an approximation of the area function, since unit areas and links are often equivalent in the context of a digital elevation model (DEM).
A formulation of the unit hydrograph can be made from either the area function (Foroud & Broughton, 1981; Snell & Sivapalan, 1994; Robinson et al., 1995) , or the width function (Kirkby, 1976; Gupta & Waymire, 1983; Snell & Sivapalan, 1994) through assumptions about hydraulics. In fact, such formulations are based on the travel time distribution, and are linked to the older intuitive notion of isochrones (Larrieu, 1957; Dooge, 1959) . However, as usually noticed with the unit hydrograph concept, these assumptions come up against the significant problems of nonlinearity and intra-event instability of the transfer processes, and of spatial variability of hydrological processes, variables and parameters (Wang et al., 1981; Gupta & Mesa, 1988) . This last problem of geomorphology-based unit hydrographs dealing with spatial variability, especially of the rainfall input, has not really been studied in the literature; even if the question has been raised for statistical unit hydrographs (e.g. Rodriguez & Obled, 1990) . Authors have focused on accounting for the variations in hydraulic conditions and dispersion in the river network (Rodriguez-Iturbe et al., 1982; Snell & Sivapalan, 1994) , or distinguishing the hillslope and network travel times with respect to the total travel time to the outlet (Gupta & Mesa, 1988; Naden, 1992; Robinson et al., 1995; Woods & Sivapalan, 1999; Yang et al., 2002) . The latter has led to assessment of how most of the nonlinearity comes from that within hillslopes themselves and from the articulation of hillslopes and a river network which govern processes of different characteristic scales. Therefore it is proposed to model rainfallrunoff with a linear transfer function in the river network deduced from the area and/or width functions and from an average velocity, to be coupled with a production function which is in fact a transfer function through hillslopes (Beven & Wood, 1993; Blöschl & Sivapalan, 1995; Robinson et al., 1995; Yang et al., 2002; Cudennec et al., 2004a Cudennec et al., , 2004b Rodriguez et al., 2005) .
RAINFALL VARIABILITY WITHIN A GEOMORPHOLOGY-BASED TRANSFER FUNCTION COMPUTATION: SIMPLE INTRODUCTION

The proposed model
The two following assumptions are made: (a) the dominance of the space and time variability of the rainfall on the shape of the hydrograph, and (b) the acceptability of a linear transfer function in the river network. Thus it is proposed to deduce the unit hydrograph from the area function and a mean velocity parameter v , which is estimated by comparing the basin response time and the mean flow length. The obtained unit hydrograph h(t) is a linear mathematical operator used as the transfer function of the basin. Thus, knowing the area of the basin A, it gives the flow at the outlet Q(t) by convolution with the average effective rainfall , eff R where τ is the dummy integrative variable:
The effective rainfall itself has to be deduced from the rainfall observation through a production function, which is far less generic than the proposed transfer function, and thus has to be developed for each basin or deduced from a regionalization scheme. The production function is not a priority at this stage. So a simple reservoir type is used, derived from an empirical study conducted at plot and field scales in the same area (Dridi, 2000) , where runoff is rainfall minus infiltration and where infiltration is governed by both the soil storage capacity and the rainfall intensity:
and
where S max , α and β are the soil maximum storage capacity (mm), and parameters characterizing soil drying and direct runoff, and the
variables S(t), R(t), R eff (t) and I(t)
are the soil storage, rainfall, effective rainfall and infiltration (mm) during time step t, respectively. Furthermore the deterministic basis of the unit hydrograph identification allows one to take the effective rainfall space and time variability into account. Indeed, the area function is a one-dimensional synthetic function mapping the two-dimensional basin organization. The deduced unit hydrograph can then be discretized into isochrone areas, whose geographical extensions are identified, and the effective rainfall variability can be observed over these isochrone areas. Then the discrete expression of the convolution with the time step ∆t:
can be made more precise by using the effective rainfall R eff for each isochrone τ:
The factors
, where i is the isochrone number and j the time step, constitute a matrix [V i (j)] of the effective rainfall space-time variability.
The associated geographical information processing protocol
As Woods & Sivapalan (1999) noticed, "averaging across locations with equal flow distance caused by channel network routing implies an unfamiliar geometry", where the flow distance becomes a spatial coordinate of the basin, and which implies a particular processing protocol. For a given river network, a vector image is developed and referenced in a geographical projection system (Fig. 1) . Each link of the network is then associated with a vector and a binary tree-like database of all the vectors is built. By image processing, the two-dimensional space of the basin is sampled through a square grid and, for each point of the grid, the flow path to the draining link and through the tree-like database is simulated and the flow length L is then known. The density function of this length, i.e. the area function, is extracted for the whole basin (Fig. 2) . Furthermore, from the sampling grid, the flow length L is mapped in contour lines, which leads to a polygon presentation of isochrone areas, with the time step required for the convolution (Fig. 2) . Then, successive maps of the rainfall field are overlaid with this map of the basin structure, which allows one to observe rainfall and to process effective rainfall for each isochrone area, and thus to build the matrix [V i (j)] of the effective rainfall space-time variability (Fig. 3) .
APPLICATION TO FLOODS IN SEMIARID MEDITERRANEAN AREAS IN TUNISIA Data
The methodology described above was applied to the Skhira basin (Wadi Balhoul) in central Tunisia (Fig. 1) . The outlet coordinates are 35°44′15″N and 9°23′05″E (UTM . The basin is located between the 300 and 400 mm isohyets and most of the rainfall comes from violent and highly variable storms during spring and autumn (Kingumbi et al., 2005) . The Mediterranean Sea and the relief must have a strong influence on the climate, but no general tendency at the scale of meteorological events could be observed. Furthermore, rainfall intensities and the arid soil cover lead to flows dominated by surface runoff.
The river network was identified from 1:50 000 topographic maps of Maktar and Djebel Barbou (Fig. 1) Table 1 Number and names of available raingauges for the three studied events.
Date of event Recording raingauges (5 min)
Non-recording raingauges 10 May 1996 3 (Abdessadek, Hadada, Skhira) 2 (Kesra, Tella) 2 September 1997 3 (Abdessadek, Hadada, Skhira) 3 (Kesra, Majbar, Tella) 9 September 1997 2 (Hadada, Skhira) 2 (Majbar, Tella) station at the outlet is among the best in the whole of Tunisia, due to its rocky section, its local hydraulic conditions and its improved cableway. The characteristic mean velocity parameter v of the basin was estimated by comparing the mean flow length (Fig. 2) and the average response time of the 11 simplest and most homogeneous events available. The obtained value is 2.8 m s -1
. This is a high value for a velocity, but has to be seen as a modelling parameter equivalent to a velocity, globally characterizing the basin response. Then, with a 5-min time step, which is the same as the resolution of the rainfall records, the transfer function was extracted and the isochrone areas were mapped (Fig. 2) . Concerning the production function, the experimental results of Dridi (2000) allowed the values S max = 9.4 mm and α = 0.376 to be proposed, whereas a statistical analysis of all the events during 1996 and 1997 led to β = 0.662.
Three characteristic events were studied whose space-time variability is high and described in the best manner, according to the observation network and database: 10 May 1996 and 2 and 9 September 1997. Table 1 shows the numbers and names of Km 0 5 5.5 17.5 mm cumulative and recording raingauges available for each event, and Fig. 1 shows where they are located: three within the basin and three outside, but with no significant relief barrier. By linear interpolation between the rainfall measurements, rainfall field raster maps were created at each time step. Linear interpolation is undoubtedly a very rough method, as compared to the actual high variability of fields, but the data are too sparse to allow any better mapping. Moreover, with a recording time step of five minutes, the time resolution is obviously much more precise than the spatial resolution, but it is closer to the characteristic scales of natural dynamics. For this reason it was retained as the modelling time step. Then the geographic information protocol allows overlaying the isochrone vector image with successive rainfall raster images and building the matrix [V i (j)] (Fig. 3) . Figure 4 shows the observed rainfall and hydrograph of each of the three flood events; and the simulated hydrographs enriched with the variability matrix on the one hand, and with an average effective rainfall estimation on the other, used as a reference. For all three events, both types of modelling provide simulations which do not fit well to observations, in terms of both flood peaks and flow recession. This comes from the sparse data of rainfall and of hydrological processes, and consequently from the simplicity of the modelling concepts and functions, especially of the production function. Nevertheless, the difference between the reference and the enriched simulations shows a strong improvement in terms of peak dates and relative values, and thus in terms of general shape, for each of the three events (Table 2) . Indeed, with the average estimations of effective rainfall, the shapes of the resulting hydrographs are strongly influenced by the shape of the linear transfer function: (a) the three simulations present two main peaks, with a date difference corresponding to 11 and 12 time steps, as well as to the transfer function; and (b) the ratios of relative peak values are very close together and to the equivalent ratio of the transfer function. Finally, the error on the timing of the first peak is limited to an interval of ± two time steps, which is acceptable with a linear and stable transfer function based on a unique estimation of mean velocity. Compared to these conditions, the enriched simulations accounting for the rainfall variability present strong general improvements: (a) the date difference between the two peaks is variable in the same sense as in actual observations; and (b) the ratio between the peak values is inverted, which is closer to the observations. The timing of the first peak appears to be of the same quality as the reference, even if it switches from a delay to an advance for the 9 September 1997 event. But more precisely, each of these three events indicates particularities since their variabilities are not of the same kind, and as a result the responses to the model differ.
Results and discussion
The rainfall event of 10 May 1996 is strongly variable in space (Fig. 4(a) ). It appears that the cumulative rainfall amount is at a maximum over the northeast of the basin: the maximum ratio within the basin is 2.8 between measurements at Kesra and at Tella, and, within the whole dataset, 3.6 between measurements at Kesra and at Abdessadek. The variability is less noticeable during the event, but no recording raingauge is available in the northeast. Moreover, the rainfall is spread over the day: the amounts during the event being 0.4, 0.4 and 0.55 times the amounts during 24 h at the three recording raingauges. This, and the fact that the event occurred in the evening (at the end of the 24 h period), suggest a particular context of humid initial conditions. Furthermore, the three rainfall recordings are successive from west to east, which shows that the rainfall field moved from upstream to downstream. This circulation and the variation in cumulative amount explain how successive rainfall peaks observed with the raingauges produced a hydrograph without peaks. If the plateau is considered as a second peak, the date difference between the two peaks is small (six time steps) and the enriched simulation appears to tend toward a small delay (eight time steps) ( Table 2 ). The peak flow of 2 September 1997 is about five times higher than that of 10 May 1996, even if rainfall amounts are globally similar (Fig. 4(b) ). A rainfall event of 7-11 mm (according to location) occurred six days before 2 September 1997, whereas the 10 May 1996 event was preceded by a long dry period, but this is not an obvious reason for the difference. It might be suggested that the rainfall maximum is much higher, but is not well observed by the gauging network. Moreover, the observations show that rainfall is centred on the east, i.e. downstream, of the basin. These two points may explain why the second peak is so clear in both simulations, even in the enriched one, whereas it does not exist in the observed hydrograph. Furthermore, in contrast to the former event, the rainfall appears to be simultaneous at the two recording raingauges. This is why the date difference between the two peaks and the advance of the first peak are equal for both simulations. The rainfall of 9 September 1997 was observed essentially over the outlet (Fig. 4(c) ), with some rain also on the furthest isochrone areas. This is an extreme case of partial rainfall input over the basin. The shapes of the simulated hydrographs are thus very different, with a strong improvement when accounting for the rainfall variability. The final peak of the simulation during the recession comes from the low rainfall over the highest isochrone areas, and is due either to an overestimation of rainfall and/or effective rainfall in these areas, or to nonlinear and/or non-conservative effects along the transfer to the outlet. 
CONCLUSION
The method proposed is robust, since it allows accounting for an estimation of the rainfall field, and of its evolution through time, in the processing of a geomorphologybased transfer function, developed on its explicit territorial significance, where the flow distance is considered as a spatial coordinate of the basin. The results obtained show that this accounting improves the shape of the simulated hydrograph, in the sense of a better assessment of stored water resources, and of flood hazards. This improvement is obtained even though the information about the spatial variability of rainfall and runoff processes is sparse, because data are available at a high time resolution, at least at a few locations. Indeed the density of raingauges is very poor compared to the natural scales of rainfall variability and this is an obstacle to the quantification of runoff production processes at the basin scale, all the more since there are no recording raingauges inside the basin, just one at the outlet and others nearby. Thus, the improvements obtained here confirm the choice of the proposed first step of a downward approach, and also offer a clear disaggregation of the main and variable driving effects within the basin from the response at the outlet. Furthermore, this confirms the perspective of transposing river flow observations and simulations from gauged to ungauged locations. In particular, it is proposed to test such a transposition from the Skhira outlet, where river flow data are of high quality, to other gauged outlets in the neighbourhood and downstream, where data are of lower quality but do exist.
With this method, the GIS protocol may integrate any rainfall map, such as may be obtained from geostatistical modelling or remote sensing, so better estimates of rainfall fields could be used if these were available. Reducing uncertainties about rainfall, and identifying more precisely-from numerous events-the dependence of the hydrograph shape upon the space-time variability, may then allow the next steps of the downward approach to be considered, which should (a) be the development of one, or several, better production functions either dedicated to this basin, or generic and regionalized; and (b) account for non-conservative and nonlinear effects in the transfer function. Concerning this second point, non-conservatism seems to be more crucial than nonlinearity in a context of infiltration in wadis and of building numerous small dams (see Cudennec et al., 2004b) . This is all the more important since coupling a linear transfer function with a nonlinear production function, which encompasses all of the nonlinearity, appears to allow real advances when dealing with statistically-based unit hydrographs (e.g. Jakeman et al., 1990; Littlewood et al., 2003) . These further steps may be considered for the modelling of actual events, and then for design events. Indeed, each type of rainfall field over a basin (e.g. average, centred on an area, moving in a preferential direction) could be analyzed in terms of return period, and be characterized by a more explicit areal reduction factor.
